Fifteen cDNA clones, putatively identified as encoding aspartate aminotransferase (AST, EC 2.6.1.1.), were isolated and partially sequenced. Together with six previously isolated clones putatively identified to encode ASTs (Sasaki, et al. 1994, Plant Journal 6, 615-624), their sequences were characterized and classified into 4 cDNA species. Two of the isolated clones, C60213 and C2079, were full-length cDNAs, and their complete nucleotide sequences were determined. C60213 was 1612 bp long and its deduced amino acid sequence showed 88% homology with that of Panicum miliaceum L. mitochondrial AST. The C60213-encoded protein had an N-terminal amino acid sequence that was characteristic of a mitochondrial transit peptide. On the other hand, C2079 was 1546 bp long and had 91% amino acid sequence homology with P. miliaceum L. cytosolic AST but lacked in the transit peptide sequence. The homologies of nucleotide sequences and deduced amino acid sequences of C2079 and C60213 were 54% and 52%, respectively. C2079 and C60213 were mapped on chromosomes 1 and 6, respectively, by restriction fragment length polymorphism linkage analysis. Northern blot analysis using C2079 as a probe revealed much higher transcript levels in callus and root than in green and etiolated shoots, suggesting tissue-specific variations of AST gene expression.
1. Introduction mitochondria. 3 Also in plants, AST has been shown to have numerous isozymes in different cellular locations, 4 Aspartate aminotransferase (AST, EC 2.6.1.1.), for-at least one of which is located in cytoplasm and the othmerly called glutamic-oxaloacetic transaminase, cat-e r s i n mitochondria, chloroplasts, glyoxysomes and peralyzes the reversible transamination between a dicar-oxisomes. Recently, cDNAs for AST genes in Arabidopsis boxylic amino acid and an a-keto acid: aspartate + 2-have been cloned and sequenced, and found to be loketoglutarate = oxaloacetate + glutamate. AST is found calized to four distinct subcellular locations. 5 ' 6 Furtherwidely in plants, animals and microorganisms, and the m o r e ; cDNAs of AST isozymes from Panicum, 1 alfalfa, 7 reaction is important in the metabolism of amino acids carrot 8 and lupin 9 were completely sequenced. and Krebs cycle-related organic acids. Plant AST also i n r i c e , genes encoding many isozymes have been charplays an important role in cellular metabolism of both acterized and their distributions among the 12 chromonitrogen and carbon. In the hydrogen shuttle, AST is s o m e s on a classical linkage map have been determined by necessary for the exchange of reducing equivalents across isozyme pattern analyses. 11 Based on the isozyme analmitochondria, chloroplast and peroxisome membranes to y s e s , 3 types of rice ASTs were assigned to chromosomes the cytoplasm via the malate-aspartate shuttle. For in-^ 2 and 6, respectively, on a classical linkage map. 12 stance, AST is an essential enzyme in fixing CO 2 in some i n the Rice Genome Research Program (RGP), a large C4 plants.
scale characterization of rice cDNAs has been proceedTwo genetically distinct isozymes of ASTs are known i n g towards the goal of cataloging all expressed genes in in animal cells, one in cytosol and the other in r i ce .2 A large number of cDNAs from various rice tissues Communicated by Mituru Takanami a n d c a l l i h a v e b e e n isolated. Single-run sequencing of * To whom correspondence should be adrressed. Tel. +81-298-anonymous cDNAs in the analyses of clones has shown 38-2176, Fax. +81-298-38-2302 great promise in the identification of clones through sim- 13 From cDNA analyses, we have obtained many clones which were putatively identified by similarity searches as AST isozyme genes. In a previous study, we reported the construction of a highly saturated rice RFLP linkage map including the localization of markers C250, C2168, and R1764, which were putatively identified as AST isozymes. The markers C250 and R1764 were localized on chromosome 1, and marker C2168 was localized on chromosome 2 on the map. 13 Further isolation and characterization of cDNA clones encoding AST are required to extend our understanding of the molecular mechanisms of AST gene expression. In this study, we isolated and characterized two full-length cDNA clones, C2079 and C60213, which were putatively identified as transcripts of rice AST genes.
Materials and Methods

cDNA library construction
Heat-shocked callus was incubated at 37° C for 3 hours following 2 weeks of growth at 25° C in the presence of 1 ppm 2,4-dichlorophenoxyacetic acid. The total RNA pool was isolated by the guanidinium method. 14 
Poly(A)
+ RNA was purified with latex particles from an Oligotex-dT30 mRNA purification kit (TaKaRa, Japan). The cDNA library was constructed with a vector, pBluescript II SK + , using the Superscript Plasmid System kit (Stratagene, USA), according to the manufacturer's instructions. The synthesized double-stranded (ds)-cDNAs carried a Sal I linker at the 5' end of the sense strand and a Not I site at the 3' end which allowed directional cloning of cDNAs. Size-fractionation was performed in 1% agarose gel electrophoresis to collect fragments over approximately 1 kb intervals. The ligation products were transformed into competent NM522 cells which were prepared by the Nojima method. 10 
DNA sequencing and data analysis
Randomly chosen cDNA clones were sequenced with a Thermal Cycle Sequencing Kit (Perkin Elmer, USA) by use of a combination of a chemical robot, a catalyst and a model 373A automated sequencer (Perkin Elmer), as described by Sasaki et al. 2 Deletion clones for C2079 were generated with exonuclease III, using a deletion kit (TaKaRa) according to the manufacturer's protocols. DNA fragments of C60213 were produced by sonication and subcloned into pBluescript II SK + . In both cases, the nucleotide sequences were determined for both strands. Similarity searches against PIR (release 42) with the FASTA algorithm was performed with DNASIS software from Hitachi Software Engineering Co., Ltd., Japan.
Northern blot analysis
Rice (japonica variety, Nipponbare) seeds were germinated in dark at 28-30° C for 6 days and grown in plastic boxes with water in dark or light for 10 days. Total RNA was extracted by the guanidinium method 14 from various rice tissues such as young root and green and etiolated seedlings which were obtained under the above conditions. Total RNA (11 /zg) was electrophoresed in a 1.0% agarose gel for 4 hours and transferred to a nylon membrane (Hybond N, Amersham, UK) in 20xSSC (3 M Sodium Chloride, 0.3 M Trisodium Citrate Dihydrate, SSC). Northern blot analysis was performed using ECL direct nucleic acid labelling and detection system kit (Amersham) following the manufacturer's protocol. The probe was amplified by polymerase chain reaction (PCR) using a cDNA clone as a template. Hybridization was performed overnight in a buffer containing 5% w/v blocking reagent and 0.5 M NaCl at 42°C, and the filter was then washed in primary washing buffer (6 M urea, 0.4% SDS and 0.5x SSC) and secondary washing buffer (2x SSC). Signals were detected by exposing an X-ray film to the filter for 1.5 hours.
2.4-Southern blot and linkage analysis
Genomic DNA was prepared from leaves (japonica variety, Nipponbare and indica variety, Kasalath) by the CTAB method. 15 Digestion by restriction enzymes, electrophoresis, Southern blotting and linkage analysis were performed according to Kurata et al. 13 
Results
Cloning of rice aspartate aminotransferase cDNA
We have isolated and characterized 21 clones which showed significant similarities in amino acid sequence to the published AST sequences. These clones were classified into four independent groups based on the 3'-untranslated sequence of each cDNA ( Table 1 ). The clones listed in Table 1 were those with the longest cDNA sequence in each group. Two clones, C2079 and C60213, were thought to be full length cDNAs based on Northern analysis and comparison of amino acid sequences to published AST sequences. C2168 and R1764 were partial length cDNAs. C2079 was isolated from the cDNA library from callus cultured in the presence of 1 ppm 2,4-dichlorophenoxyacetic acid, and found to be the same mRNA specie as that of C250 which had been isolated and mapped on chromosome I. 2 ' 13 C2168 was isolated from the same callus cDNA library as mentioned above. Previously, a total of 2778 clones had been randomly selected from the same library and partially sequenced TGATGAGATGCAAGCAGTTGCTGTTAAGAGCCAGTTACAACAGATTGCTAGACCTTTGTACAGCAACCCACCCGTTCATGGTGCATTAATTGTTTCAACT 1000 ATTCTTGGTGATCCGGAGTTGAAAAGTTTATGGCTGAAAGAGGTCAAGGGTATGGCTGATCGTATCATTGGAATGCGAACAGCACTCAAAGAGAACCTTG 1100
AAAAGTTGGGTTCACCAATGTCATGGGAACATATCACTAATCAGATTGGAATGTTCTGCTACAGTGGTATGACACCTGAACAAGTCGATCGCTTGACAAA 1200
AGAGTTCCATATCTACATGACTCGTAACGGGCGGATAAGCATGGCTGGAGTAACAACAGGAAATGTTGCCTATCTGGCTAATGCTATTCATGAGGTTArr 13 00
AAGArAAAGTGAGAGTGTTGGAGACATTCCTATCATCATTTTCAr,TACCTTTTTACCr,ACCGrAAAATGGGTCAAATGGTGAAATAAAftTTGTAGTrrGA 1400
TATGATGTGAAaiAAiATGGCTGGTAAGCTAGAAAAGGGCAAGTTTATTTTTTGAGGACAAGACTTTTGCTGTACCAGTGAAAACATTTTTTAGGACAAG 1500 ACTTTACAGTTAGAACGAACGTTCTAACTGTGACAGTGTCATGCTTTGTAAAGGAAGTGTACCTTTCCACCGATGGGCAAAAAAAAAAAAAAAAAAAAAA 1600 and the ratio of occurrence frequency of C2079 to that of C2168 was found to be 16:1, suggesting that in rice callus, C2079 transcripts occur much more frequently than do C2168 transcripts. On the other hand, C60213 and R1764 were isolated from the heat-shock treated callus and 9 day old young root. In the present study, two of these full length cDNA clones, C2079 and C60213, were further analyzed as described below.
AAAAAAAAAAAA 1612 C A G C ;^C C A C C A C C A G C A C C T C C T C C T C C G C C G C C G A C G C C G A C T C C T C C C T C C ;^^T T T C C C C A C C i 5 2^G T C G T C G T C C G T C T T C G C T^C C T C G
Nucleotide sequences of clones C2079 and C60213
The complete nucleotide sequences of C2079 and C60213 (Fig. 1) were 1546 and 1612 bps long, respectively. Excluding the poly(A) tail, the lengths from plausible initiation sequences to the terminal codons were 1221 and 1290 bps, respectively. The typical polyadenylation signal "AATAAA" was found in the 3'-untranslated region of C60213, but in the case of C2079, that signal was replaced by "AATAGA" or "AATAAC". The deduced amino acid sequence corresponding to C2079 was very similar to Panicum cytoplasmic AST (91% identical) but less similar to that of Panicum mitochondrial AST (52% identical), and it lacked any transit peptide. On the other hand, the deduced amino acid sequence corresponding to C60213 was most similar to those of Panicum mitochondria! AST isozymes, 1 which were reported to have a presequence necessary for transport into mitochondria. The comparison of the amino acid sequences predicted for C2079 and C60213 suggested that the protein coded by C60213 contains a signal peptide with 28 amino acids at the N-terminal end. 
Expression of ASTs in rice tissues
Because of the difference in the number of captured isogenes (Table 1) , the expression of clones C2079 and C2168 in several rice tissues was analyzed by Northern blotting using the 3'-untranslated sequence of C2079 and the whole cDNA of C2168 as probes (Fig. 2) . As a control, rice cDNA encoding actin was used as a probe to verify equal loading and the integrity of the total RNA. The clone C2079 hybridized to a 1.6 kb rice mRNA, in close agreement with the inserted cDNA length. The amounts of mRNA complementary to C2079 measured in callus and root were high, but those found in green and etiolated shoots were rather low (see Fig. 2 ). When C2168 was used as a probe, no signal was detected in tested rice tissues (data not shown). Thus, the expression level of C2168 in rice shoot, young root, and calli, is markedly lower than those of C2079. This result is in good agreement with the redundancy of C2079 and C2168 obtained by random cloning.
3-4-Linkage analysis of rice aspartate aminotransferase genes C60213 and C2079
For Southern blot analysis with 3'-untranslated sequences of C60213 and C2079 as probes, clear restriction fragment length polymorphisms (RFLPs) were observed with almost all of the enzymes used (Fig. 3) . The linkage analysis was performed on 186 F2 plants produced by crossing Nipponbare and Kasalath, using the MAP-MAKER version 2 computer program, based on a previously constructed high-density linkage map including about 1300 DNA markers. Three partially sequenced markers on the map, C250, R1764, and C2168, which were putatively identified as ASTs, had already been mapped on chromosomes 1 and 2, respectively. 13 Clone C60213 was newly mapped on chromosome 6 and closely linked with RFLP markers L414 and P29 (Fig. 4) . The recombination between C60213 and marker L414 was 0.3 cM and that between C60213 and marker P29 was 2.6 cM. Clone C2079 was mapped on the same loci as C250 on chromosome 1. The mapping results suggest that rice AST genes consist of a small multigene family, and are dispersed throughout the genome like other rice gene families such as those encoding peroxidase and chitinase. 
Discussion
In this report, we determined the nucleotide sequences of full-length cDNAs putatively identified as encoding aspartate aminotransferases from rice, O. sativa. The amino acid sequences deduced from open reading frames (ORFs) of C2079 and C60213 have significant similarities to other ASTs previously identified (Fig. 5) . The protein predicted from C2079 was more homologous to cytosolic ASTs than to mitochondrial ASTs. Thus, C2079 is likely to encode a cytoplasmic AST isozyme. The deduced amino acid sequences of C2079 and C60213 were compared to those of published AST isozymes from Panicum, 1 human, 3 -20 and yeast 21 with the FASTA algorithm (Fig. 5) . In each of these sequences, 102 amino acid residues (indicated by asterisks in Fig. 5 ), corresponding to 25% of the total, are conserved. These residues include the 12 functionally or structurally important residues 22 (shown by double asterisks). Aspartate aminotransferase is a pyridoxal phosphate-dependent enzyme, and the pyridoxal phosphate group is attached to a lysine residue [Lys 285 ]. This residue, indicated by triple asterisks in Fig. 5 , and the sequences around it are well conserved. The consensus pattern of this vital region is
The deduced amino acid sequence of C60213 has significant similarities to the Panicum mitochondrial ASTs. Most mitochondrial proteins are encoded by nuclear genes and synthesized in the cytoplasm as larger precursor proteins carrying amino-terminal targeting presequences which contain information for their translocation to mitochondria. After translation, a mitochondrial precursor protein is transported into mitochondria via several steps, such as binding to the mitochondrial outer membrane, energy requiring protein transport, and cleavage of the presequence by a processing protease. 16 The N-terminal extension sequence of C60213 shares amino acid characteristics in common with mitochondrial transit peptides, such as an abundance of basic residues (21%) and the complete absence of acidic residues. We therefore identified C60213 as encoding a mitochondrial AST isozyme of rice. Figure 6 shows the alignment of the N-terminal sequences of mitochondrial AST precursors of rice (this paper), Panicum, 1 Arabidopsis, 5 soybean, 17 and pig. 18 It has been reported that AST precursors have positive charges in the amino-terminal region, an Arg residue at position 8 which is critical for mitochondrial import, and the cleavage site requisite for recognition by a processing protease. 18 From three to five positive charges are present in all five amino-terminal mitochondrial AST precursor sequences we compared (see Fig. 6 ). The Arg8 residue is conserved in the presequences of all known mitochondrial ASTs. Although there is apparently no strict consensus sequence, the comparison of the N-terminal sequences of the five mitochondrial ASTs reveals that the motif of "RXMAXS" appears at the cleavage site, von Heijne et al. 29 found that "RXXS" represents a cleavage motif which can be cleaved at two different sites, "RXAXS" or "RXAS". Thus, we speculate that the cleavage of the signal peptide encoded by C60213 most likely occurs at "RSMAASW" (see Fig. 6 ).
A comparison of C60213 mitochondrial isoform with other plant AST isoforms (Fig. 7) reveals that the amino acids corresponding to C60213 are 83-92% identical to those of other plant mitochondrial isoforms, but the extents of identity of the peptide corresponding to C60213 with plant plastid isoform and plant cytosolic isoforms are only 46-48% and 42-52% respectively. The similarity of C60213, mitochondrial AST isoform and C2079, cytosolic AST isoform is 52%, even in rice. Sequence comparison of the animal AST sequences from humans, 3 ' 20 Gaps indicated by dashes are introduced to optimize alignments. Residues identical in all eight AST species are indicated by single asterisks. Double asterisks indicate functionally or structurally important residues. 22 The pyridoxal phosphate attachment site is indicated by triple asterisks. mouse, 19 and chicken 28 reveals a similar pattern of relatedness. These data suggest that plant AST isozymes are classified into three separate groups: cytoplasmic, plastidic and mitochondrial, while animal AST isozymes fall into only two groups: cytoplasmic and mitochondrial.
The amino acid sequence corresponding to C2079, which is expected to be cytoplasmic AST isoform, shows much higher homology to cytoplasmic ASTs in plants (83-91% of residues are identical) than to those in animals (50-52% of residues are identical). Interestingly, the similarity of the C2079 protein to animal cytoplasmic ASTs (50-52% homology) is only slightly less than that to animal mitochondrial ASTs (53-54% homology). This tendency was also noted for the cytoplasmic isozyme of other plants such as Panicum and Arabidopsis. 5 The similarity of the C2079 protein to that of Panicum (91% homology) is higher than that to other plants, such as carrot, alfalfa and Arabidopsis (83-85% homology). This result is consistent with taxonomy, i.e., rice and Panicum are both monocots, belonging to the grass family, Gramineae, while alfalfa and Arabidopsis are dicot plants belonging to the pulse family, Leguminosae. Thus, some of the observed AST gene duplications must have occurred after the monocotyledon-dicotyledon divergence. 28 Udvardi et al. 7 reported that the ratio of relative concentrations of AST mRNA in alfalfa leaves, roots, and nodules was 1:2:5. In carrot, 8 a cytoplasmic AST isozyme has been shown to be differentially expressed in roots, where it was highly expressed, and in leaves, where it was very little. Schultz 5 also reported that the mRNAs corresponding to four AST isozyme genes accumulated differently in various organs of Arabidopsis; the cytosol AST gene, ASP2, was most abundantly expressed in root and it may have a distinct role there. 5 Consistent with these reports, we also observed tissue-dependent expression of AST gene C2079 in rice (see Fig. 2 ).
XXC/G codons have been reported to occur with a higher frequency in monocots than in dicots. 23 However, the occurrence frequencies of XXC/G codons in C60213 and C2079 genes were found to be 49% and 50%, respectively, meaning that there is no biased codon usage in these genes. The G+C content of C2079 was 69% for the 5'-untranslated region, 50% for the ORF and 40% for the 3'-untranslated region. This result is consistent with the observation that the region around the initiation of transcription in Panicum AST genes is GC-rich. 24 
